Abstract. This study evaluated the clinical utility of serum thymidine kinase 1 (STK1) in following the progression of pre-malignancies and malignancies and in monitoring the response of common carcinomas to therapy within a routine clinical setting. The STK1 concentration levels of patients with malignancies (n=224), pre-malignancies (n=10), non-tumor/ non-proliferating diseases (systemic lupus erythematosus, SLE) (n=53), benign tumors (n=20) and healthy volunteers (n=761) were determined by enhanced chemoluminescence dot blot assay. Prior to treatment, STK1 levels in the pre-malignant group alone (3.1±2.3) or in the pre-malignant and malignant groups together (2.3±1.9) were significantly higher than in the benign (1.4±0.8), SLE (1.1±0.8) or healthy volunteer (0.6±0.4) groups (p<0.01). According to ROC analysis, the STK1 assay provided a high degree of discrimination between STK1-positive pre-malignant (0.978) or pre-malignant + malignant (0.941) patients and STK1-negative healthy individuals. After varying treatments (surgery, chemotherapy, X-ray), STK1 levels increased by 40-50% during the first month, then decreased back to normal values or even lower. Following treatment, STK1 levels were significantly increased in squamous cell carcinoma (SCC) as compared to adenocarcinoma (AC) patients. In other types of malignancies, STK1 levels decreased from as early as the first month. The STK1 levels of relapsed treated patients were significantly higher (50-60%) than those of mid/long-term treated patients. In conclusion, the STK1 assay discriminated between patients with malignancies and healthy individuals very well, and is therefore potentially useful for a broad range of clinical applications. For example, it could be used for the evaluation of early tumor progression or of tumor progression during therapy in routine clinical settings, as well as for the screening of healthy individuals.
Introduction
Neoplasia is the abnormal, uncoordinated and excessive growth of cells. Since 1960, a number of potential sensitive and specific serum markers have been investigated for their utility in the detection of invisible tumors, i.e., inaccessible malignancies occurring ahead of imaging or palpable assessment. Examples of such serum markers are CEA, CA19.9 (1-3), CA125 (4), AFP (5) and PSA (6) , all of which are widely used in clinical practice today. Another example is CA15.3, which has proven useful in patients with metastatic breast cancer, when response to systemic therapy cannot be assessed (4, 7) . The combination of TPS, CA15-3 and IGFBP-3 increases sensitivity to 85%, and thus improves predictive ability (8) . Increased CEA concentrations reflect higher risk in patients with adenocarcinomas (ACs), but not in those with squamous cell carcinomas (SCCs). CA125 levels are associated with a worse prognosis due to an increased possibility of relapse (4) . Serum CA125 is an imperative indicator of ovarian carcinoma malignancies. In 2006, ASCO recommended that CEA should be used pre-operatively in colorectal cancer (9) to assist in staging and surgical planning. CEA is the marker of choice for monitoring the response of metastatic disease to systemic therapy. If the patient is a potential candidate for surgery or chemotherapy, in those with stage II and III tumors the determination of post-operative CEA levels should be performed every 3 months for at least 3 years. For pancreatic cancer, it is recommended that CA 19-9 be determined every 1-3 months in patients with locally advanced or metastatic diseases receiving active therapy. However, the predictive ability of serum tumor markers for response to anticancer therapy is still controversial, and an accurate appraisal of their individual characteristics must be performed (6) . Furthermore, multivariate analysis of different studies show that serum tumor markers fluctuate more than imaging techniques.
Thymidine kinase 1 (TK1) is a pyrimidine metabolic pathway enzyme involved in salvage DNA synthesis, and is thus a cell cycle-dependent marker. Serum thymidine kinase 1 (STK1) levels in malignant cells are proportional to cellular proliferation rates (10) (11) (12) (13) . Thymidine kinase activity has been used as a proliferation marker since 1980 in serum and cytosol fractions of tissues. It is almost undetectable in normal serum (14) (15) (16) , but increases to varying degrees in malignant tumors, depending on their type, stage (16), whether they are fast or slow growing (17) , and whether they are treated or untreated (18) . In a clinical study of 1,692 breast cancer patients (19) , TK1 activity in the cytosol was correlated to a shorter survival time and poor outcome using endocrine treatment (tamoxifen) (20) . Furthermore, commercially available anti-TK1 antibodies have recently provided an attractive alternative in clinical cancer applications. In patients with solid tumors, STK1 concentrations are a more sensitive and reliable marker than TK activity (18, 21) . He et al reported that STK1 levels were associated with relapse, while TK activity and CA15-3 were not (18) .
In this study, we examined the utility of STK1 in the prognosis of pre-malignant and malignant tumors of common carcinomas and in monitoring the results of therapy within routine clinical settings. The ability of the STK1 assay to discriminate between malignant and non-malignant groups was tested by ROC analysis. Healthy individuals were also tested. As a reference, we additionally examined the serum levels of individuals with benign tumors and serum from those with a non-proliferating disease.
Materials and methods
Patients. Serum samples from patients with malignant tumors of common carcinomas (n=234) and with benign tumors (n=20) were colleted from unselected cases in routine clinical settings, including pre-operation, post-operation and/or chemotherapy in combination with operation, at the Hanzhou Cancer Hospital, P.R. China, in 2007. All patients had histologically-diagnosed tumors, which were prospectively evaluated as pre-malignant (cervical, 10) ECL dot blot assay. ECL dot blot assay was performed according to the manufacturer's protocol (commercial kit, SSTK Inc., Shenzhen, P.R. China). Blood samples (2 ml) were collected between 7 and 9 a.m. from individuals who had not eaten any breakfast. The drawn venous blood was stored for 2-3 h at room temperature (RT) in non-heparin tubes, then centrifuged at 4,000 rpm for 8-10 min and stored at -20˚C until analysis. Three μl of serum were directly applied onto a nitrocellulose membrane (HybandTM-C, Amersham). TK1 standards (20, 6.6, 2.2 pM) were used as an extrapolation standard. The membrane was blocked in TBS (Tris-buffered saline) with 6% non-fat milk for 1 h and incubated at RT for 2 h after the addition of primary anti-TK1 antibody. After incubation with a biotinylated secondary antibody for 40 min at RT, the membrane was incubated in TBS buffer with avidin-HRP-streptavidin, followed by the addition of ECL substrate. The light intensity of a single spot on the membrane was detected using a CIS-1 imaging system (SSTK Inc.). Based on the light intensities of the known concentrations of TK1 standards, the light intensities of the serum TK1 spots were re-calculated and expressed as pM. The sensitivity of the assay was 0.3 pM, its reliability 98% and the CV-value of the duplicates 9.4%. All experiments were performed in a blinded manner and in duplicate. The TK1 antibody has been biochemically characterized (23) . Western blot analysis of TK1-positive cells (CEM wild-type) and serum from patients with gastric cancer showed one single band corresponding to the native form of TK1. In TK1-negative cells (CEM-) and in serum from healthy individuals with no detectable levels of TK1 (dot blot assay), no band was apparent.
Statistical calculations. The mean value of STK1 levels was calculated by a means ± standard deviation program. For the comparison of STK1 concentration levels among several groups, the Kruskal-Wallis test was used, while the Nemenyi test and Bonferroni correction were used when two groups were compared. Data analysis was performed using SPSS software 15.0. Differences were considered significant when the p-value was <0.05.
Results
The STK1 levels of patients with pre-malignant, malignant, and benign tumors, patients with non-tumor/non-proliferating diseases (SLE-positive) and healthy volunteers are shown in Table I . The number of STK1-positive cases was determined according to a cut-off value of 2 pM.
STK1-positive patients.
The number of STK1-positive patients was, at ~70%, highest in the pre-malignant group. The number of positive malignant patients was ~40% (Table I ). In the benign and SLE groups, STK1-positive patients comprised just 15 and 8%, respectively, while the value for healthy individuals was <1% (Table I) .
Concentration of TK1 in serum.
The concentrations of STK1 in the pre-malignant (3.1±2.3 pM) and malignant (2.3±1.9 pM) groups were higher than in the benign tumor (1.4±0.8 pM), SLE (1.1±0.8 pM) and healthy volunteer (0.6±0.4 pM) groups, with statistical significance (p<0.0001) ( Table I ). The mean concentration of STK1 from the pre-malignant + malignant groups (2.5±2.0 pM) was also higher than in the other groups, with statistical significance (p<0.001) (Table II) . One patient with lung carcinoma and one with NPC 3 months after chemo/ radiotherapy showed marked remission of the tumor disease, with STK1 levels of 0.6 and 0.7 pM, respectively.
ROC analysis. The specificity and sensitivity of the STK1 dot blot assay were tested by receiver operating characteristic (ROC) curve analysis. A graphical approach, where the sensitivity as Y is plotted versus the fraction of false positives (the false positive rate) as X for each possible cut-off value, was employed in order to create the ROC curve. In this study, sensitivity was plotted versus 1-specificity (false positive) (Figs. 1 and 2) reflecting the binary classifier system, as its discrimination threshold is varied. The area under the ROC curve shows the reliability of the STK1 assay when used to discriminate between healthy individuals and patients with malignancies. A value >0.9 means that the STK1 assay is a highly reliablity test.
In the present study, we tested the reliability of the STK1 assay in a group with pre-malignancies ( Fig. 1) and in a group with pre-malignancies + malignancies together (Fig. 2) . The area under the ROC curve for pre-malignant patients was 0.978 and for the pre-malignant + malignant patients 0.941.
STK1 concentration levels during therapy. Changes in STK1
concentration levels during the treatment of patients with the SCC and AC carcinoma types and of patients with other types of carcinoma were divided into the following two groups according to the duration of treatment (Table III) : short-term, <1 month after operation or single chemotherapy, with chemotherapy accounting for 1/3 of the total doses administered; mid/long-term, >1 month after operation or multichemotherapy, with chemotherapy accounting for >2/3 of the total doses administered (Tables III and IV) . A third group of patients was also included, indicating the STK1 concentration levels of patients who had undegone a relapse (Table III) . Table I . STK1-positive cases and concentration levels in patients with pre-malignant and malignant tumors prior to treatment, in patients with benign tumors, in systemic lupus erythematosus patients, and in healthy volunteers. ----------------------------------------------------------------------------------------------------- Statistical analysis performed using the Kruskal-Wallis test. Concentration levels are the mean values ± standard deviation.
- Table II . Comparison of STK1 concentration levels in patients with pre-malignant and malignant tumors prior to treatment, in patients with benign tumors, in systemic lupus erythematosus patients, and in healthy volunteers. 
Statistical analysis performed using the Nemenyi test. Concentration levels are the mean values ± standard deviation. Table III . STK1 concentration levels of squamous cell carcinoma, adenocarcinoma and other types of carcinoma during therapy. 
-----------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------Prior to treatment Short-term treatment Mid/long-term treatment Relapse ------------------------------------------------------------------------------------Levels % (no.) patients Levels % (no.) patients Levels % (no.) patients Levels % (no.) patients -----------------------------------------------------------------------------------------------------
(3) -----------------------------------------------------------------------------------------------------
Short-term treatment, within a month of the start of the treatment; mid/long-term treatment, after one month of treatment. Concentration levels are the mean values ± standard deviations. SCC, squamous cell carcinoma; AC, adenocarcinoma. Table IV . Variance analysis of STK1 concentration levels in patients with squamous cell carcinoma, adenocarcinoma and other types of carcinoma during therapy.
-----------------------------------------------------------------------------------------------------
Sum of squares Degree Variation of mean deviation of freedom χ 
value F P-value -----------------------------------------------------------------------------------------------------
224 -----------------------------------------------------------------------------------------------------
Statistical analysis performed using Bonferroni correction. SCC, squamous cell carcinoma; AC, adenocarcinoma. Table V . Age distribution of patients with pre-malignant and malignant cervical tumors in relation to STK1 concentration levels. 
-----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------Tumor progression Type (No.) Age range (years) Mean age (years) STK1 (pM) -----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
Concentration levels are the mean values ± standard deviations.
- --------------------------------------------------------------------------------------------------- The results indicate that the STK1 concentration levels of both the SCC and AC groups, and of the groups with other kinds of tumors, changed during treatment, with statistical significance (p<0.002). Using Bonferroni correction, the untreated and short-term-treated groups were statistically different (p<0.002), as were the short-term-treated and mid/long-termtreated groups (p<0.002). STK1 concentration levels in the relapsed group were significantly higher than in the mid/ long-term-treated group (p<0.002). Additionally, the STK1 concentration levels of patients with SCC were significantly higher than those of patients with AC (p<0.01).
STK1 concentration levels in relation to age. The frequency of malignancies starts to increase at around the age of 50 years, and accelerates year by year. Here, we were able to compare the age distribution of the patients with pre-malignant and malignant cervical tumors, and to relate the results to STK1 concentration ( Table V) . As mentioned above (Table I) , 70% of patients with pre-malignancy were STK1-positive. These pre-malignant cervical patients were also younger (mean age 37) than patients with malignant cervical cancer (mean age 48), with statistical significance (p<0.001). The mean age of the group of patients with different types of malignancy was 53 years (Table V) .
Discussion
Thymidine kinase (TK, ATP: thymidine 5-phosphotransferase, EC.2.7.1.21), an enzyme of the pyrimidine salvage pathway, catalyzes the phosphorylation of thymidine to thymidine monophosphate (24) . The TK enzyme in human cells appears in two isoenzyme forms, a cytosolic (TK1) and a mitochondrial (TK2) form. TK1 is part of the regulation of the intracellular thymidine pool. The level of TK1 rises at the G1/S-phase boundary and increases up to the late S/early G2 phases of the cell cycle. TK1 is present in proliferating normal and tumor cells, but is virtually absent from quiescent cells (12, 13) . It is of considerable interest in clinical settings because its level is highly dependent on cell growth. TK1 is a sensitive and specific marker for prognosis (16, 18, 19) , for the monitoring of the outcome of cancer therapy (25) (26) (27) (28) , and for the screening of healthy individuals for the risk of malignant disease (unpublished data).
The usefulness of a tumor marker depends on its ability to distinguish between normal healthy individuals and patients with malignancies. One way to determine its ability to discriminate between the two is by using ROC analysis; the area under the ROC curve indicates whether the tumor marker is valuable or not. ROC analysis of the STK1 assay in the present study resulted in an area under the curve above 0.9, which indicates that the STK1 assay is a test with high discrimination between healthy individuals and patients with pre-malignancies or malignancies. This is in accordance with previous results (21) .
Of the various degrees of malignancy, pre-malignancy is of particular interest, since discovery at this stage considerably increases the chances of curing the patient. In the present study, we found approximately 70% of pre-malignant cervical cancer to be STK1-positive. We also found that the mean age of pre-malignant cervical cancer patients was approximately 10 years below that of patients with cervical malignancy.
This time difference between the appearance of pre-malignancy and the appearance of malignancy is in accordance with results from breast cancer. The Cancer Committee of the College of American Pathologists has stated that the presence of atypical ductal hyperplasia of the breast increases the risk of the subsequent (in 8.3 years) development of invasive breast cancer by 4.0-5.0 times (29). WHO has also reported that the time to developing a breast carcinoma in situ from a benign tumor, over an atypical breast, is approximately 10 years (29). Consequently, although the number of cervical cancer patients was relatively low in this study, in our opinion it is likely that STK1 is a useful tool for the discovery of premalignancies. However, further studies are needed to confirm this observation.
In accordance with recent studies on STK1, we found that STK1 levels were significantly higher in patients with relapse than in non-relapsed patients after operation/adjuvant therapy. Thus, STK1 concentrations again proved to be a reliable index for monitoring the results of cancer treatment in patients, capable of distinguishing between patients with or without remaining malignant tumors. As a result, increased STK1 levels could be used not only for the evaluation of tumor progression, but also in order to evaluate the effectiveness of therapy. Elevated levels of STK1 in patients with recurrence after curative surgery/adjuvant therapy provide new avenues for evaluating therapy in the short term. It also makes it possibile to pay special attention to patients at risk of recurrence during early post-operative surveillance. STK1 also allows for an improvement in treatment, and can probably precede imaging techniques resulting in early pre-treatment, enabling increased survival chances and a better quality of life for cancer patients.
It is of interest to determine whether STK1 levels differ between patients with squamous cell carcinoma and adenocarcinoma, since these patients may be receiving different types of therapy. Therefore, the significant difference found between the STK1 levels of these two groups is of clinical import, as it may provide a new tool for the selection of therapeutic strategy.
Although the mean STK1 level of patients with benign tumors was below the cut-off value of 2.0 pM, 15% of these patients were STK1-positive. This result is in accordance with recent studies (30) . STK1-positive benign patients may be on the way to developing pre-malignancies/malignancies, as the Cancer Committee of The College of American Pathologists and WHO have reported an elevated risk of benign tumors developing into malignancies (29).
TK1 is a proliferation marker and, in addition to being found in malignant diseases, is found in elevated levels at an acute stage of certain viral infections (31), such as hepatitis A (32), hepatocirrhosis (21) and HIV-infected patients (33), as well as among patients with anaemia (34) or inflammation (21) . Therefore, when evaluating STK1 results, it is necessary to examine possible causes for elevated STK1 other than malignancies (30) .
To this end, we investigated a non-tumor/non-proliferating disease, systemic lupus erythematosus (SLE), to see whether this type of disease affects STK1 levels. The STK1-positive rate of SLE patients was only 7.6%, significantly lower than that of the pre-malignant/malignant groups. Thus, it can be concluded that this disease does not incite elevated levels of STK1. The main clinical features of SLE are skin rashes, light sensitivity, arthritis, anaemia, leucopenia and renal disease. One of the STK1-positive (3.4 pM) SLE patients may have had anaemia or another proliferating disease.
Currently, no reliable screening methods for cancer in healthy individuals exist, with the exception of PSA for prostate and mammography for breast cancer. In the long-term prediction of prostate cancer, PSA gives elevated false positive values, but can predict subsequent (25 years later) advanced cancer if tested prior to the age of 50 years (6) . The mean value of STK1 was 0.6±0.4 pM, a similar range to that reported by He et al (21) . Of the 761 healthy individuals tested in the present study, 0.9% (7/761) were STK1-positive. Two of these seven had a STK1 level just above the cut-off value of 2.0 pM. Considering that the STK1 assay has a CV of approximately 10%, we have 5 accurate STK1-positive cases, corresponding to approximately 0.7% (5/761) of STK1-positive healthy individuals. This value is somewhat higher than that expected based on the cancer incidence rate of 0.2% in P.R. China (35) and of 0.4-0.5% in Europe/North America (Swedish Cancer Foundation), and is also just a little higher than that of a screening of healthy individuals that ran in Hunan province, P.R. China, between 2005 and 2007 (n=11,278, 0.5% STK1-positive, unpublished data). The STK1-positive healthy individuals in this study did not suffer from any cancer diseases. However, two had hepatitis infection and one had liver disease (inflammation). These illnesses activate the immunological system, elevating a number of growth factors, such as EGF, TGFa, TGFb, PDGF, FGF, IGF-1 and THF (30) . Hepatitis B and C as well as hepatic cirrhosis increase the risk of developing liver cell carcinoma (30) . The lack of malignancies may be explained by the low mean age of 27 years in this group. It is known that the risk of developing carcinoma is elevated with increasing age (30) , for example, in breast cancer the risk starts to be apparent after the age of 50 (29).
Based on our clinical experiences using STK1 to date, we suggest that individuals with a STK1 level just above the threshold value (2 pM) should be retested within a year. It is also important that the evaluation of the STK1 level is interpreted together with a detailed history of the individual condition of the patient.
In conclusion, the STK1 marker shows high specificity and sensitivity, and is thus a reliable marker for the screening of healthy individuals. STK1 is also useful for prognosis and for monitoring the outcome of tumor therapy, in particular for the early prediction of progression and the recurrence of cancer diseases. It aids in making decisions, allowing for individualized therapy for different carcinomas and avoiding over-treatment and/or changes in treatment strategy. The STK1 assay may enable increased survival and, therefore, the quality of life of cancer patients. The STK1 marker is also a useful tool for the screening for and early prediction of the risk of cancer diseases, especially in areas with a higher frequency of tumor disease.
